The DNA sequence of the dnaK gene of Escherichia coli was analyzed. The nucleotide sequence of the wild-type dnaK gene of E. coli B differed from that of E. coli K-12 in 15 bp, none of which altered the amino acid sequence. Two temperature-sensitive dnaK mutations were examined by cloning and sequence analyses. Results showed that one dnaK mutation, dnaK7(Ts), was a one-base substitution of T for C at nucleotide position 448 in the open reading frame yielding an amber nonsense codon. The other mutation, dnaK756(Ts), consisted of base substitutions (A for G) at three nucleotide positions, 95, 1364, and 1403, in the open reading frame resulting in an aspartic acid codon in place of a glycine codon.
, the mutant showed severely inhibited syntheses of both DNA and RNA as well as an inability to propagate phage lambda at the permissive temperature (16) . Another temperature-sensitive dnaK mutant carrying a mutation [dnaK756(Ts)] was originally selected for the inability to propagate phage X (12) .
The dnaK gene product (DnaK) is a major heat shock protein and is perhaps the most highly conserved protein in nature (2, 22) . DnaK has weak DNA-independent ATPase activity and autophosphorylating activity (39) . These mutants also show a loss of phosphorylation of glutaminyltRNA synthetase and threonyl-tRNA synthetase at the nonpermissive temperature (17, 36) . Bardwell and Craig (2) determined the nucleotide sequence of the open reading frame (ORF) of the dnaK gene in E. coli K-12 and found remarkable conservation between the dnaK gene and a major heat shock-induced gene, the Hsp7O gene of Drosophila and other species. Cowing et al. (7) studied the promoter regions of the E. coli operon dnaK and two others for heat shock proteins and identified three promoters within 179 bp upstream of the dnaK gene together with consensus sequences. Sunshine et al. (29) isolated a temperature-sensitive dnaJ mutant carrying a mutation [dnaJ259(Ts)]. The dnaJ259(Ts) mutation also affected the syntheses of both RNA (35) and DNA at 43.5°C and propagation of phage X at the permissive temperature (29) . The dnaJ gene has been shown to be located at 0.3 min on the E. coli chromosome map together with the dnaK gene (1) , between the thr and leu genes, in the order thr dnaKdnaJ leu (38) . Georgopoulos (11) isolated a phage X imm21 carrying the dnaK gene of ligation of chromosomal DNA fragments and X imm21 no. 540 (21) (26, 27) with the phagemid vector pUC119 and E. coli JM109 as host cells. A 2.3-kb NruIHindlIl restriction fragment containing the dnaK gene was extracted from the subcloned plasmids (pMT1, pMT2, pMT3, pMT4, and pMT5) and digested with four restriction enzymes to obtain segments of appropriate length for DNA sequencing. DNA fragments were isolated by electroelution. The restriction enzymes used and the sizes of the six fragments prepared are shown in Fig. 3 . 800~~~~v fluorograms of the gels indicated that DnaK protein of normal size (69 kDa) was synthesized in the reaction mixture containing pMT1 DNA as a template (Fig. 6B) . When pMT2 DNA was used as a template, a premature DnaK protein with a molecular mass of about 20 kDa and a normal DnaJ protein (40 kDa) were detected (Fig. 6C) . The results showed that transcription and translation of the dnaK gene occurred in this system and that the dnaK7(Ts) mutation is a nonsense mutation resulting in premature termination of the peptide.
Assay of the amber nonsense mutation of dnaK7(Ts). Fifty spontaneous temperature-resistant revertants of the strain MT112 [thy argF dnaK7(Ts)] were isolated at 43°C, and each was infected with the T4 amber phage, which forms plaques only in cells with an amber suppressor mutation. Seven of the 50 revertants permitted multiplication of T4 amber (14%). At the same time, the arginine-requiring phenotype of the amber nonsense mutation in the argF gene of strain MT112 was also suppressed in all seven revertants. To determine the effect of amber suppression on synthesis of the DnaK protein, we labeled cellular proteins with [35S]methionine at 30, 40, and 43°C and then extracted the proteins and examined them by SDS-PAGE. As shown in Fig. 7 , cells of the parental strain H/r3ORT synthesized GroEL and DnaK proteins well at 40 and 43°C (Fig. 7B and C) . The mutant strain MT112 synthesized GroEL but not DnaK protein ( Fig. 7E and F) E. coli B and E. coli K-12 differed in 15 bp that did not alter the amino acid sequence. Thus, the DnaK protein is conserved and retains its primary structure in two subspecies of E. coli (Fig. 4) . Cowing et al. (7) have identified three promoters (P1, P2, and P3) within 179 bp in the upstream region of the dnaK gene of E. coli K-12. Our sequence data showed that only 1 bp was different, at nucleotide position 57 (between the -35 region and the -10 region of P1) in E. coli B. This difference did not seem to affect the promoter activity since DnaK protein synthesis occurred well after heat shock, as seen in E. coli cells (as shown in Fig. 7 ; see also reference 15).
Our sequence data indicated that the dnaK7(Ts) mutation was an amber nonsense mutation resulting from a one-base substitution of T for C at nucleotide position 448 in the ORF causing premature termination and yielding a peptide of 149 amino acids instead of the normal DnaK protein of 683 amino acids (Fig. 5) . The results were confirmed in two ways in which the product of premature termination was demonstrated by analysis with DNA-directed transcription and translation systems, as shown in Fig. 6 . In this assay, a premature DnaK protein with a molecular mass of about 20 kDa was detected together with normal-size DnaJ protein due to expression of the plasmid DNA of pMT2 carrying the dnaK7(Ts)-dnaJ+ segment (Fig. 6C) . The nature of the dnaK7(Ts) mutation was also studied with strain MT112 by isolating revertants carrying the amber nonsense suppressor. Seven of 50 spontaneous temperature-resistant revertants were able to propagate the T4 amber phage and also showed suppression of an arginine-requiring phenotype due to the amber nonsense mutation as denoted by Ichikawa and Kondo (13) . The slower growth rate of the dnaK7(Ts) mutant compared with that of wild-type cells at the permissive temperature (16) is probably related to this amber mutation and the low efficiency of suppression.
Deletion mutants of the dnaK gene have been isolated, and their cellular growth at 30°C has been examined (4, 5, 19) . Results showed that during several generations of growth at 30°C, suppressor mutations accumulated in the dnaK deletion mutant strains. In the dnaK7(Ts) mutant cells, various suppressor mutations including the amber suppressor presumably act to support cellular growth, because mutant cells of strain MT112 could grow at 43°C because of the amber nonsense suppressor, as described here, and WK45 cells could grow at 40°C because of a mutation in the sukA or sukB gene located at 76 min on the E. coli chromosome (15) . Cell growth of the mutant carrying the dnaK7(Ts) mutation at 30°C might be supported by some suppressors with low efficiencies.
Ezaki et al. (8) showed that the seg-J and seg-2 mutations are located in the dnaK gene and that the active dnaK gene product is essential for replication of the mini-F plasmid. The seg-1 mutation is homologous to one of the three missense mutations in the dnaK756(Ts) mutant gene.
Cegielska and Georgopoulos (6) studied the functional domains of DnaK protein by mutational analysis. First they investigated the potential domains for enzymatic activity by using a set of truncated DnaK proteins. From comparative analyses of the wild-type DnaK and mutant DnaK756 proteins, they suggested that the DnaK polypeptide is organized into at least two distinct functional domains: the amino-terminal portion is required for ATPase activity, while the carboxylterminal portion is responsible for autophosphorylating activity. When the mutant phenotypes of both dnaK mutants were compared by Tilly et al., one marked difference was pointed out (30) . They have reported that the DnaK protein modulates the heat shock response negatively, because a dnaK756(Ts) mutant was unable to turn off induced synthesis of heat shock protein at 43°C. With the dnaK7(Ts) mutant cells, no such prolonged synthesis of heat shock protein was observed (15) .
The cellular function of the DnaK protein is thought to be that of a molecular chaperone because the DnaK protein is highly homologous with the Bip protein (immunoglobulin heavy-chain binding protein) as described by Nicholson et al. (23) . The DnaK protein is known to be required for renaturation of denatured A repressor (10) and heat-inactivated RNA polymerase in an ATP hydrolysis-independent manner (28). The DnaK protein seems to play a role as a molecular chaperone to sustain cellular functions through association with components of synthetic machines to form their functional structures in addition to having a regulatory function in the heat shock response.
